Background--Circulating microRNAs (miRNAs) are differentially regulated and selectively packaged in microvesicles (MVs). We evaluated whether circulating vascular and endothelial miRNAs in patients with stable coronary artery disease have prognostic value for the occurrence of cardiovascular (CV) events.
M icroRNAs (miRNAs) are small (22-nucleotide) noncoding RNAs regulating gene expression at the posttranscriptional level by binding to the target mRNA, leading either to mRNA degradation or to translational repression. 1 MiRNAs have emerged as key regulators of several physiological and pathophysiological processes in cardiovascular (CV) health and disease. 2, 3 Besides their intracellular function, recent studies demonstrate that miRNAs can be exported or released by cells and circulate in the blood in a remarkably stable form. 4 The discovery of circulating miRNAs opens up fascinating possibilities to use circulating miRNA patterns as biomarkers for CV diseases (CVDs). 5, 6 Altered levels of circulating miRNAs have been reported in patients with heart failure, coronary artery disease (CAD), and diabetes. [7] [8] [9] Evidence is accumulating that microvesicles (MVs) represent major protective transport vehicles for miRNAs by separating them from circulating ribonuclease (RNase). 10 Moreover, recent studies suggest that MV-associated miRNAs not only represent passively released cellular debris but also may contribute to intercellular signaling mechanisms. 11, 12 In this context, MVs containing secreted monocytic miR-150, which are increased in the plasma of patients with atherosclerosis, were shown to be taken up by recipient endothelial cells and to regulate cell migration and expression of the target gene c-Myb. 13 Furthermore, we and others have demonstrated that endothelial cell-derived MVs mediate vascular protection and endothelial regeneration in a miR-126-dependent mechanism. 14, 15 These findings suggest that circulating MV-packaged miRNAs, in addition to their function as biomarkers, represent a functional mediator in CVD. Previously, circulating vascular and endothelial cell-derived miRNAs were shown to be significantly regulated in patients with CAD compared with healthy subjects. 8 Whether circulating miRNAs can also be used as a prognostic biomarker is largely unknown. Because MVs represent major transport vehicles for circulating miRNAs, we aimed to assess whether the expression of 10 vascular and endothelial cell-derived miRNAs involved in vascular biology in the plasma or in isolated MVs is associated with CV outcomes in patients with stable CAD.
Methods Study Subjects
Between March and November 2003, 200 patients undergoing coronary angiography were screened for stable CAD for inclusion in this study. Nineteen patients with clinical presentation of acute or subacute myocardial infarction (MI) were excluded from the study. Patients with malignant, inflammatory diseases or severe hepatic or renal dysfunction were also excluded from the study. Informed consent was obtained from all patients, and the ethics committee of the University of Saarland (Saarbr€ ucken, Germany) approved the study protocol. Patients in the second study cohort were included between August 2012 and July 2013. Sixty patients undergoing coronary angiography were screened for stable CAD for inclusion. Six patients with clinical presentation of acute or subacute MI were excluded from the study. Patients with malignant, inflammatory diseases or severe hepatic or renal dysfunction were also excluded from the study. Informed consent was obtained from all patients, and the ethics committee of the University of Bonn (Bonn, Germany) approved the study protocol.
Coronary Angiography
Cardiac catheterization was performed according to the guidelines for coronary angiography of the American College of Cardiology and the American Heart Association. The extent of CAD was scored by at least 2 independent interventional cardiologists. Angiographic CAD was defined as stenosis of 50% in at least 1 major epicardial coronary artery. Biplane ventriculography was performed in standard projections. The ejection fraction was calculated by dividing the end-diastolic and end-systolic left ventricular areas with an automated computer system (digital cardiac imaging software; Philips).
Preparation of Blood Samples
Arterial blood was drawn under sterile conditions from the femoral artery before cardiac catheterization and was buffered using sodium citrate. Additional blood samples for routine analyses were obtained. Blood was drawn prior to heparin application, so there was no confounding effect of heparin on miRNA analysis.
Blood was centrifuged at 1500g for 15 minutes followed by centrifugation at 13 000g for 2 minutes to generate platelet-deficient plasma. The deprived plasma samples were immediately stored at À80°C. Annexin V-and CD31-positive microparticle levels were freshly measured with flow cytometry by using annexin V-FITC and CD31-PE (BD Pharmingen).
Platelet-deficient plasma was stored at À80°C until miRNA levels were analyzed. Previous studies have shown that miRNAs in frozen plasma remain stable for years and are reliable biomarkers of CVD. 16, 17 Separation of Plasma Compartments and RNA Isolation RNA was isolated from plasma, circulating MVs, exosomes, and vesicle-free supernatant (ie, the remaining supernatant after exosome isolation) by using a TRIzol-based miRNA isolation protocol. For each patient, 250 lL total plasma was diluted in 750 lL TRIzol LS (Life Technologies) to measure plasma miRNA levels. An additional 250 lL total plasma was centrifuged at 20 000g for 30 minutes at 4°C to pellet circulating MVs. 18 The pellet was diluted in 250 lL RNasefree water and then diluted in 750 lL TRIzol LS to measure MV miRNA levels. Caenorhabditis elegans miR-39 (cel-miR-39; 5 nmol/L; Qiagen) was spiked in TRIzol for normalization of miRNA content, as described previously. 8 To increase the yield of small RNAs, the RNA was precipitated in ethanol at À20°C overnight with glycogen (Invitrogen).
To analyze miRNA levels in exosomes and vesicle-free supernatant, the remaining supernatant after 20 000g centrifugation was collected and centrifuged at 100 000g for 1 hour at 4°C to pellet exosomes. 19 The pellet was diluted in 250 lL RNase-free water and then diluted in 750 lL TRIzol LS to measure exosome miRNA levels. The remaining supernatant after exosome isolation, defined as "vesicle-free supernatant," was diluted in 750 lL TRIzol LS and processed, as described.
Sorting of Microvesicle Subspecies
For sorting of MV subspecies, 250 lL platelet-free plasma was stained with CD31-PE, CD42b-APC, and annexin V-FITC (BD Pharmingen) and the corresponding isotype and negative controls. Stained plasma was incubated for 45 minutes in the dark at room temperature according to the manufacturer's suggestions.
To sort MV subspecies, a FACSAria III flow cytometer (BD Biosciences) was used. Annexin V-positive vesicles between 100 and 1000 nm in diameter were gated for sorting. CD31+/CD42bÀ, CD31+/CD42b+ and CD31À/CD42bÀ MV were gated, sorted, and collected. RNase-free water was added to the sorted MVs to reach a total volume of 250 lL, which was diluted in 750 lL TRIzol LS to measure MV miRNA levels. Cel-miR-39 (5 nmol/L; Qiagen) was spiked in TRIzol for normalization of miRNA content, as described previously. 8 To increase the yield of small RNAs, the RNA was precipitated in ethanol at À20°C overnight with glycogen (Invitrogen).
Quantification of MicroRNAs by Quantitative Polymerase Chain Reaction
RNA was quantified using NanoDrop spectrophotometer, and 10 ng of the total RNA was reversely transcribed using a TaqMan miRNA reverse transcription kit (Applied Biosystems), according to the manufacturer's protocol. Previous Events, Follow-up, and Causes of Death
The classification of events and follow-up data was made on the basis of medical records and personal interviews. The occurrence of a first major adverse CV event (MACE), including nonfatal MI, revascularization by percutaneous coronary intervention, or coronary artery bypass graft, and death from cardiac causes were evaluated after 6 years. Causes of death were determined by examination of hospital records, autopsy reports, and medical files of the patients' general practitioners. Deaths from CV causes included sudden deaths and deaths from acute MI, CAD, or congestive heart failure.
Statistical Analysis
All miRNAs were dichotomized into 2 categories with categorical analysis (lower than median and higher than median 
Results

Baseline Characteristics
A total of 181 patients with clinically and angiographically stable CAD on coronary angiography were enrolled and followed up for 6 years.
From the initially included 181 patients, 5 patients (2.5%) were lost to follow-up. The mean (AESD) age of the remaining 176 patients was 66.7AE10.2 years, with high prevalence of CV risk factors: hypertension (84.1%), hyperlipoproteinemia (82.4%), diabetes (28.4%), and smoking (19.3%). During the 6-year follow-up period (range: 6.0-6.4 years), 27 patients (15.3%) died; 13 (7.4%) died from CV causes, and other causes included sepsis (6 of 27), pneumonia (3 of 27), and cancer (5 of 27). A first MACE occurred in 55 patients (31.3%).
MicroRNA Selection and Detection in Plasma and Microvesicles
Ten vascular and endothelial cell-expressed miRNAs that have been shown to be regulated in patients with CAD 8 30 and miR-199a. 31 Because previous studies strongly suggest that circulating miRNAs are selectively packaged in MVs, levels of analyzed miRNAs were measured in plasma and in circulating MVs in all patients. Overall, miR-126, miR-222, miR-let7d, miR-21, miR20a, miR-27a, miR-92a, miR-17, miR-130, and miR-199a in plasma were below the limit of detection in 1.1%, 1.1%, 2.3%, 1.1%, 1.7%, 0, 0.5%, 50%, 13%, and 7.9% of the patients, respectively; in MVs, the corresponding miRNAs were below the limit of detection in 3.5%, 3.5%, 4.7%, 0.5%, 4.1%, 1.1%, 0.5%, 36.4%, 2.3%, and 4.1% of the patients, respectively.
Circulating Microvesicle Characterization
To characterize isolated MVs according to our protocol, size analysis using electron microscopy and flow cytometry revealed that the vast majority had a size between 0.1 and 1 lm ( Figure 1A and 1B).
MicroRNA Level and Cardiovascular Events
To analyze the correlation of circulating miRNAs and CV events, all measured miRNAs in plasma and circulating MVs were dichotomized into 2 categories with categorical analysis (lower than median and higher than median) and associated with the CV outcome after a follow-up period of 6.1 years. There was no significant association between CV events and plasma levels of the 10 analyzed miRNAs (Table 1 ). In contrast, the expression of 2 miRNAs in circulating MVs was significantly associated with the risk for CV events. Patients with miR-126 levels in circulating MVs (MmiR-126) above the median had a significantly lower first MACE rate (P=0.006) than patients below the median. Particularly, CV mortality (P=0.044), nonfatal MI (P=0.029), and the need for revascularization by percutaneous coronary intervention (P=0.034) were significantly lower in patients with MmiR-126 levels above the median (Table 2) . Furthermore, patients with MmiR199a levels above the median experienced significantly fewer MACEs (P=0.015) than patients with levels below the median. In particular, the need for revascularization (P=0.009) was remarkably lower in patients with higher levels of MmiR-199a (Table 3 ). The remaining 8 miRNAs in circulating MRs did not show any relationship to CV events (Table 1) .
MmiR-126 and MmiR-199a Level in Relation to Baseline Characteristics
We categorized the study population into 2 groups according to the median of MmiR-126 or MmiR-199a. There was no difference in baseline characteristics between groups (Tables 4 and 5) . Notably, the amount of circulating annexin Table 9) .
Kaplan-Meier cumulative survival analysis further confirmed that patients with higher MmiR-126 levels had significantly lower occurrences of a first MACE (P=0.007) ( Figure 2A ) and revascularization (P=0.033) ( Figure 2B ) compared with those with lower MmiR-126 levels. Similarly, the first MACE (P=0.013) ( Figure 2C ) and the need for revascularization (P=0.012) ( Figure 2D ) were significantly lower in patients with higher MmiR-199a levels compared with those with levels below the median. For Kaplan-Meier analysis, patients were censored after a first event or when they were lost to follow-up. Moreover, 88.4% of patients had follow-up of ≥5 years, and 82.6% of patients were followed up for more than 1 year of 6 years. 
MmiR-126 Expression is Significantly Reduced in Patients With Coronary Artery Disease
After we found that increased expression of MmiR-126 and MmiR-199a was associated with a reduced risk of MACE, we aimed to explore whether CAD was linked to altered miRNA expression levels compared with healthy subjects. We analyzed miR-126 and miR-199a expression in circulating MVs and total plasma in an age-matched study cohort (n=49; baseline characteristics are described in Table 10 ) including subjects with angiographically proven or excluded CAD. Because diabetes mellitus influences miR-126 expression levels, 9 patients with diabetes mellitus were excluded from this analysis.
Importantly, MmiR-126 expression was significantly reduced in patients with CAD compared with healthy subjects (P=0.013). Furthermore, there was a clear trend toward reduced MmiR-199a (P=0.1) expression levels and reduced expression in plasma (P=0.5 for miR-126 in plasma; P=0.1 for miR-199a in plasma) in patients with CAD ( Figure 3 ). Taken together, these data strengthen the diagnostic and prognostic impact of miRNA packaged in MVs in CAD.
miR-126 and miR-199a Expression in Microvesicles, Exosomes, and Vesicle-Free Plasma
Circulating miRNAs in plasma can be transported within extracellular vesicles (exosomes, MVs, apoptotic bodies) or bound to proteins (high-density lipoprotein, Ago-2). Both routes provide remarkable stability and resistance to degradation from endogenous RNase activity. Next, we aimed to explore the plasma compartments (exosomes, MV, vesiclefree plasma) in which the analyzed miRNAs are mainly contained. Consequently, MVs, exosomes, and vesicle-free plasma were collected by series of centrifugation, and the described miRNAs were analyzed in the subcompartments of 10 patients with stable CAD. Proper isolation of exosomes according to the protocol used was confirmed by electron microscopy ( Figure 4A ). Levels of miR-130, miR-let7d, miR20a, and miR-17 were undetectable in >4 samples in exosomes or in supernatant. In contrast, miR-126 and miR-199a were found to be expressed mainly in circulating MVs ( Figure 4B ), whereas miR-222, miR-21, miR-27, and miR92a were detectable mainly in vesicle-free plasma ( Figure 5 ). These findings indicate that miR-126 and miR-199a are particularly selectively transported in MVs in CAD. Because circulating MVs compose different subspecies of membrane vesicles released from endothelium and blood cells, we sorted endothelial-, platelet-, and other cell-derived MVs using flow cytometry to explore the cellular origins of miR-126 and miR-199a contained in MVs. Overall, miR-126 showed the highest expression in CD31+/CD42bÀ endothelial cell-derived MVs, whereas miR-199a was detectable mainly in CD31+/CD42b+ platelet-derived MVs ( Figure 6 ).
Discussion
Studies show that miRNAs are powerful regulators of cellular CV processes. 29 Moreover, an increasing number of studies demonstrates that miRNAs can be detected in circulating blood and that these circulating miRNAs might be useful biomarkers in patients with CVD; however, because the first correlation between miRNAs and CVD was described only a few years ago, 1 data about the long-term prognostic value of circulating miRNAs are still scarce. In this prospective study in 176 patients with stable CAD, we demonstrated that increased expression of miR-126 and miR-199a in circulating MVs is associated with a lower risk of future MACEs. During the observational period of 6 years, significantly reduced incidence of CV mortality and nonfatal MI and need for revascularization were observed in CAD patients with MmiR-126 levels above the median. MmiR-199a levels above the median were associated with a significantly reduced need for revascularization therapies. Interestingly, there was no association between circulating, unbound miR-126 and miR-199a within the plasma and CV outcomes.
Recently, it was demonstrated that MVs represent major transport vehicles for miRNAs in patient plasma. 32 MVs are released from activated or apoptotic cells. Accordingly, circulating MVs are increased in conditions of systemic cell damage including thrombotic thrombocytopenic purpura, lupus anticoagulant, and end-stage renal failure as well as in CVD. 33 Importantly, increasing evidence suggests that MVs represent not only biomarkers for cellular damage and apoptosis but also display vector functions that are important for the intercellular exchange of biological information. 34 Recent data suggest that the effects of MVs depend on miRNA expression in MVs.
32,35
Accordingly, we showed that miR-126 and miR-199a levels in circulating MVs, rather than plasma, have prognostic value predicting CV events in patients with CAD. Wang et al compared profiles of miRNAs in cell-derived vesicles (ie, exosomes and MVs) with vesicle-free miRNAs (ie, supernatant fraction after ultracentrifugation) and convincingly showed that miRNA profiles within and outside these vesicles were strikingly different. 36 Diehl et al confirmed that circulating
MVs represent transport vehicles for large numbers of specific miRNAs that have been associated with CVD and that miRNA profiles of MVs were significantly different from their maternal cells. 32 Our data extend these findings and suggest that miRNAs selectively packaged in MVs may play a crucial role in intercellular signaling influencing the development of CVD. In our study, a higher level of miR-126 or miR-199a in isolated circulating MVs is associated with a reduced risk of MACEs in patients with stable CAD. Notably, the levels of circulating annexin V-and CD31-positive MVs were not associated with MmiR-126 or MmiR-199a levels. Our group, however, has previously demonstrated that high circulating CD31-and annexin V-positive MVs correlate with CV outcomes. 37 In view of these data, one could speculate that besides the quantity of circulating MVs, the enrichment of specific miRNAs, proteins, or other cell fractions may influence vascular homeostasis and subsequent CV outcomes. In order to find further evidence for this hypothesis, we analyzed the subgroup of patients with diabetes. Diabetes is known to increase circulating MV levels, but, in contrast, these MVs seem to be severely impaired in terms of modulating biological actions. 15, 38 In our cohort, CAD patients with diabetes had significantly higher annexin V-and CD31-positive MVs compared with nondiabetic patients. When comparing MmiR-126 and MmiR-199a levels in CAD patients with and without diabetes, we were able to show that the diabetic subgroup had significantly lower MmiR-126 and MmiR-199a levels compared with euglycemic patients (P=0.017 15 and P=0.034, respectively) ( Figure 7 ). This finding fits nicely with previous findings indicating a loss of circulating miR-126 in plasma samples of diabetic patients. 9 Taken
together, it appears reasonable to speculate that not only the amount but also the contents of circulating MVs define their effects on vascular health. An increasing body of evidence has highlighted miR-126 as an important regulator of vascular integrity. Embryonic blood vessel development and angiogenic signaling have been shown to be regulated by miR-126 and repression of Spred1. 20, 22 Furthermore, miR-126 has been shown to counteract atherosclerosis in a CXCL12/CXCR4-dependent way and influence inflammation by dampening VCAM1 expression.
14,39
Analysis of circulating miRNAs in patients with CAD and diabetes showed significantly reduced levels of miR-126 in patients compared with healthy controls 8, 9 ; however, a com- MmiR-126 parison of patients with unstable angina and healthy controls did not find differences in circulating miR-126 expression, whereas miR-186 could be identified as a biomarker for unstable angina. 40 Furthermore, miR-126 levels in circulating angiogenic early outgrowth cells and CD34+ peripheral blood mononuclear cells defined their regenerative capacity and were reduced in diabetic patients. 21, 41 Our group recently demonstrated that endothelial cell-derived MVs mediate MicroRNA expression in MV subspecies . vascular regeneration in a miR-126-dependent mechanism. 15 Taken together, miR-126 seems to mediate vasculoprotective effects using different biological mechanisms. In this study, we extend these findings and demonstrate that a low expression level of miR-126 in circulating MVs influences CV events. It can be speculated that the prognostic value of MmiR-126 might result from those robust, consistent biological effects of miR-126 in MVs, which can act as biological vectors. Although the effect of miR-126 on the vasculature has been studied in detail, the role of miR-199a in vascular and cardiac biology is less known. In endothelial cells, miR-199a has been shown to promote cell survival, proliferation, 42 and tube formation. 43 In murine cardiomyocytes, miR-199a-mediated stabilization of p53 by inhibiting HIF-1a reduced apoptosis and treatment of mice after MI with exogenous miR-199a-stimulated cardiac regeneration and led to almost complete recovery of cardiac functional parameters. 31, 44 These findings from cell culture and animal experiments provide possible mechanistic insights into the cardioprotective function of miR199a. We postulate that higher expression of miR-199a in circulating MVs in patients with stable CAD have prognostic value in terms of reducing MACEs and the need for revascularization; however, the role of miR-199a in vascular biology needs further exploration to better understand the molecular background mediating the observed effects. Although the potential of miRNAs as biomarkers has attracted increasing attention in recent years, the prognostic value of circulating miRNAs is still largely unknown. Recently, Zampetaki et al described the association of miRNA expression patterns and the incidence of MI in the Bruneck cohort. 16 Furthermore, miR-133a and miR-208b levels were significantly associated with the risk of death in univariate and age-and sex-adjusted analyses in patients with acute coronary syndrome 45 ; however, long-term follow-up studies evaluating the potential of circulating miRNAs as prediction markers for CV events do not exist, to our knowledge. We show that miR-126 and miR-199a levels in circulating MVs but not in plasma have prognostic relevance for predicting CV events. MV-sorting experiments showed that endothelial cells and platelets were found to be the major cell sources of MVs containing miR-126 and miR-199a, respectively. Furthermore, MVs represent the major plasma compartment for miR-126 and miR-199a, whereas other analyzed miRNAs were predominantly found to be transported in the vesicle-free form. These findings are in accordance with data from Wang et al, who compared profiles of miRNAs in cellderived vesicles (ie, exosomes and MVs) with vesicle-free miRNAs (ie, supernatant fraction after ultracentrifugation) and found that miRNA profiles within and outside these vesicles were strikingly different. 36 The notion that miRNAs selectively packaged in MVs may play a crucial role in intercellular signaling influencing CVD is supported by an increasing experimental data. 46, 47 In this context, injected miRNAcontaining apoptotic bodies were shown to be transported into atherosclerotic lesions, where they controlled downstream targets and promoted vascular protection. Furthermore, Hergenreider et al described an atheroprotective communication mechanism between endothelial cells and vascular smooth muscle cells via endothelial cell-derived exosomes in a miR-143/145-dependent way. Taken together, these well-performed and convincing studies demonstrated the cardioprotective potential of intercellular communication mechanisms by miRNA-containing extracellular vesicles. 14, 48 Our data broaden these findings by showing a possible clinical relevance for miRNA expression patterns in circulating MVs. The incorporation of miRNAs into MVs provides protection from RNases but also may simplify the uptake of miRNAs into target cells. Based on the broad experimental data and our findings, one may speculate that miRNAs packed in MVs might be biologically more active and relevant compared with vesicle-free miRNAs. This study has several limitations. Only a selected number of miRNAs, based on previously published data, were analyzed. Moreover, although there is profound knowledge concerning miR-126-mediated vascular protection, the role and function of miR-199a facilitating the observed effects are unclear so far. Further exploration of MVs containing miR-199a is of importance to understand their role in vascular hemostasis. In addition, exploration of selection and packaging mechanisms of miRNAs into MVs would be of interest to better comprehend the physiological and pathophysiological functions of miRNA-containing MVs in vascular biology. Finally, the relatively small sample size limits the final conclusion that can be drawn from this study.
We found that increased miR-126 or miR-199a expression in circulating MVs is associated with reduced risk of CV events in stable CAD patients. We provided evidence that the expression of potential cardioprotective miRNAs in circulating MVs has prognostic value in patients with stable CAD and may contribute to risk stratification.
